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Objective: To compare hospital outcomes of on-pump and off-pump coronary artery
bypass surgery.
Methods: From 1997 to 2000, primary coronary artery bypass grafting was per-
formed in 481 patients off pump and in 3231 patients on pump. Hospital outcomes
were compared between propensity-matched pairs of 406 on-pump and 406 off-
pump patients. The 2 groups were similar in age (P  .9), left ventricular function
(P  .7), extent of coronary artery disease (P  .5), carotid artery disease (P  .4),
and chronic obstructive pulmonary disease (P  .5). However, off-pump patients
had more previous strokes (P  .05) and peripheral vascular disease (P  .02);
on-pump patients had a higher preoperative New York Heart Association class (P
.01).
Results: In the matched pairs the mean number of bypass grafts was 2.8  1.0 in
off-pump patients and 3.5  1.1 in on-pump patients (P  .001). Fewer grafts were
performed to the circumflex (P  .001) and right coronary (P  .006) artery
systems in the off-pump patients. Postoperative mortality, stroke, myocardial in-
farction, and reoperation for bleeding were similar in the 2 groups. There was more
encephalopathy (P  .02), sternal wound infection (P  .04), red blood cell use
(P  .002), and renal failure requiring dialysis (P  .03) in the on-pump patients.
Conclusions: Both off- and on-pump procedures produced excellent early clinical
results with low mortality. An advantage of an off-pump operation was less
postoperative morbidity; however, less complete revascularization introduced un-
certainty about late results. A disadvantage of on-pump bypass was higher morbid-
ity that seemed attributable to cardiopulmonary bypass.
Cardiac surgeons have readopted off-pump coronary artery bypasssurgery to decrease the morbidity and mortality of myocardialrevascularization. However, does off-pump surgery truly reducemorbidity and mortality? Some clinical studies appear to indicatethat it does.1-6 This issue remains unresolved, however, becausecharacteristics of on- and off-pump patient groups are dissimilar in
these studies. At present, no randomized studies address this issue.
To reduce the effect of selection bias, we have compared outcomes of on- and
off-pump coronary artery bypass surgery in propensity-matched pairs. Using this
technique, we analyzed patients who were equally likely to be treated with on- or
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off-pump surgery and excluded patients from the analysis if
there was a high likelihood of using only one of the revas-
cularization strategies.
Patients and Methods
Patients
From January 1997 through June 2000, 3712 patients underwent
primary coronary artery bypass surgery at The Cleveland Clinic
Foundation. At the discretion of the operating surgeon, myocardial
revascularization was performed off pump in 481 patients and with
cardiopulmonary bypass (CPB) in 3231 patients. On- and off-
pump patients were contemporaneous and not sequential groups;
however, the number of off-pump coronary artery bypass opera-
tions increased during this period.
All patients included in the study underwent revascularization
through a median sternotomy. Patients undergoing coronary reop-
erations, combined operations, or coronary revascularization
through a thoracotomy were excluded. However, patients who
were converted from off-pump to on-pump bypass were retained
(n  15); thus, this represents an intent-to-treat study.
Methods
Surgical technique: Off pump. All operations were performed
through a median sternotomy. Conduits were harvested and pre-
pared, and patients were heparinized. Patients were placed in the
Trendelenburg position and rotated to the right to assist in coro-
nary artery exposure and prevent hemodynamic instability during
construction of the distal anastomoses.
Our technique of coronary artery exposure evolved during this
study. Early in our experience, 4 slings (2 through the transverse
sinus and 2 behind the inferior vena cava) were manipulated to
expose the coronary arteries. For most of the study, 2 to 4 deep
pericardial sutures were placed in the posterior pericardium, at the
level of the left superior and inferior pulmonary veins, and be-
tween the left inferior pulmonary vein and inferior vena cava.
Traction on these sutures elevated and rotated the heart to the right
and exposed the lateral, posterior, and inferior coronary arteries.
Commercially available mechanical stabilizers were used to
perform distal anastomoses. During construction of these anasto-
moses, target vessel hemostasis was obtained with intravascular
shunts, a proximal loop, or proximal and distal vessel loops. A
humidified carbon dioxide blower was used.
Distal anastomoses were usually constructed before proximal
anastomoses. The left internal thoracic artery to left anterior de-
scending coronary artery anastomosis was constructed first. Prox-
imal anastomoses were constructed to the aorta with a tangential
clamp. After completion of all anastomoses, heparin was reversed,
and aspirin was given 8 hours postoperatively.
Surgical technique: On pump. All operations were performed
through a median sternotomy. Conduits were harvested and pre-
pared, and patients were heparinized. Standard cannulation for
CPB was performed with ascending aortic cannulation and dual-
stage cannulation of the right atrium. Both antegrade and retro-
grade cardioplegia cannulas were placed.
Although there were some minor differences in CPB routine
among surgeons, for the most part, the procedure was conducted as
follows. Arterial flow was adjusted to 2.0 to 2.2 L  min1  m2,
and blood pressure was maintained between 50 and 70 mm Hg.
The aorta was crossclamped, and cold blood cardioplegia was
administered either antegrade or retrograde or in combination on
induction and every 15 minutes. Patients’ temperatures were either
kept warm or allowed to drift to 34°C during CPB.
Distal anastomoses were usually constructed first, and the prox-
imal anastomoses were constructed to the ascending aorta during a
single crossclamp period, thus eliminating the need for tangential
and multiple clampings of the aorta. After the patient was weaned
from CPB and decannulated, heparin was reversed, and aspirin
was administered 8 hours postoperatively.
Data Collection
Patients were identified from the prospective computerized Car-
diovascular Information Registry, and preoperative, operative, and
postoperative variables (Appendix Table 1) were retrieved from
this database and 2 other computerized databases whose use for
research has been approved by The Cleveland Clinic Foundation
Institutional Review Board.
Identifying the Influence of Selection
Patients operated on off pump differed in many clinical character-
istics from on-pump patients. Off-pump patients were older than
on-pump patients (66  11.3 vs 64  10.4 years, P  .001), more
likely to be women (32% vs 25%, P  .001), less likely to have
insulin-treated diabetes (10% vs 14%, P .05), and more likely to
have carotid artery disease (22% vs 14%, P  .001), peripheral
vascular disease (18% vs 13%, P  .009), hypertension (75% vs
70%, P  .03), and renal disease (3.7% vs 1.1%, P  .001). They
were less symptomatic (in New York Heart Association class IV:
17% vs 29%, P  .001) and had less extensive coronary artery
disease (3-system disease: 53% vs 72%, P  .001).
To reduce the influence of selection on the comparison of
outcome, we used propensity-score pairwise matching of off-pump
patients to the pool of available on-pump patients.7,8 This was a
2-step process. First, using known preoperative variables (Appen-
dix Table 1) and multivariable logistic regression, we determined
the factors associated with on- versus off-pump bypass (group
membership). We initially analyzed the continuous and ordinal
variables by means of decile analysis, selecting those transforma-
tions of scale that best calibrated the variable to group member-
ship.
Variable selection, with a P value criterion for retention of
variables in the model of .05, used bootstrap bagging.9 This was a
4-step process. First, a patient was randomly selected from the
original data set to begin a new data set. The original data set
continued to be sampled until the new data set was 75% of the size
of the original. Second, risk factors were identified with automated
forward stepwise selection. Third, results of the variable selection
were stored. These 3 steps were repeated 200 times. Finally, the
frequency of occurrence of variables related to group membership
was ascertained and indicated the reliability of each variable.9 In
addition, a guided analysis was performed of the original data
set.10 All variables with bootstrap reliability of 50% or greater
were also in the guided analysis, but 2 variables identified by
guided analysis, history of hypertension and insulin-treated diabe-
tes, appeared in only 40% and 42% of bootstrap samples, respec-
tively.
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Having established a parsimonious model (Appendix Table 2),
we added other variables representing groups of patient and cor-
onary disease factors that might be related to unrecorded selection
factors (saturated model). These variables were sex, body mass
index to represent patient size variables, left ventricular function,
history of arrhythmias (atrial fibrillation, ventricular fibrillation,
and ventricular tachycardia), smoking history, peripheral vascular
disease, chronic obstructive pulmonary disease, previous stroke,
left main disease, and left anterior descending coronary artery
disease. The C statistic was .72.
A propensity score was calculated for each patient by solving
the saturated model for the probability of off-pump bypass. Using
only the propensity score, on-pump patients were matched to
off-pump patients by using a greedy matching strategy.11 For this,
matching to 5 decimal points was initially performed, followed by
4-, 3-, 2-, and 1-decimal-point matching. Off-pump patients whose
propensity scores deviated more than 0.10 from those of on-pump
patients were considered unmatched. This yielded 406 off-pump
patients propensity matched to 406 on-pump patients.
Outcomes
In-hospital outcomes were recorded by respiratory therapists ded-
icated to recording postoperative complications occurring in the
intensive care unit and by experienced nurses also dedicated to
collecting patient information, operative details, and in-hospital
complications. Operative details were collected within 48 hours of
the operation.
Operative variables compared included bypass conduits, num-
ber and site of distal anastomoses, and completeness of revascu-
larization. Incomplete revascularization was defined as lack of
grafting into any system with 50% or more lesions or failure to
graft into both the left anterior descending and circumflex systems
for 50% or greater left main trunk disease.
Postoperative events, identified according to definitions of the
Society of Thoracic Surgeons for Version 2.35 of the Adult Car-
diac Surgery Database (see National Databases for details, www-
.sts.orq) included hospital death, stroke, encephalopathy (as deter-
mined by a staff neurologist), myocardial infarction, reoperation
for bleeding, red blood cell use, sternal wound infection, renal
failure requiring dialysis, acute respiratory distress syndrome, pan-
creatitis, and gastrointestinal bleeding.
Direct technical cost data, exclusive of professional salaries,
were obtained from the Transaction Systems Incorporated cost
accounting system (Eclipsys Corporation, Boston, Mass). Because
of Cleveland Clinic policy, financial data are presented by relative
statistics only.
Comparison of Outcomes
Outcomes were compared between the 2 propensity-matched
groups of patients. We also compared the outcomes in 75 un-
matched off-pump patients with those matched.
These comparisons were supplemented by 2 other methods of
using the propensity score: quintile substratification analysis and
multivariable adjustment. The results were entirely consistent with
the matched-pairs analysis and are not shown.
Results
Effectiveness of Matching
Preoperative characteristics of on- and off-pump propensity-
matched patients were well matched, including similar ex-
tent of coronary artery disease (Table 1). Off-pump patients
had more peripheral vascular disease and history of stroke
and were somewhat less symptomatic. These were the only
dissimilar characteristics (P  .05) among 70 examined.
Comparison of Revascularization
Despite having similar extent of coronary artery disease,
more bypass grafts were performed per patient in on-pump
TABLE 1. Comparison of patient characteristics in
propensity-matched pairs
Characteristics
On pump
(n  406)
Off pump
(n  406) P value
Demography
Age (mean  SD) 66 11.3 66 11 .9*
Male 284 (70)† 280 (69) .8
Noncardiac
Diabetes
Insulin treated 35 (8.6) 44 (11) .3
Oral hypoglycemics 80 (20) 76 (19) .7
Previous stroke 23 (5.7) 38 (9.4) .05
Carotid disease 79 (19) 88 (22) .4
Peripheral vascular disease 50 (12) 74 (18) .02
Smoking history 258 (64) 162 (65) .7
Chronic obstructive
pulmonary disease
78 (19) 60 (21) .5
Hypertension 295 (73) 300 (74) .7
Renal disease 10 (2.5) 4 (1.0) .1
NYHA class .01
I 29 (7.2) 28 (9.9)
II 201 (50) 144 (51)
III 62 (15) 61 (21)
IV 111 (28) 51 (18)
Not recorded 3 122
Left ventricular dysfunction .6
Normal/none 252 (62) 245 (63)
Mild 81 (20) 77 (20)
Moderate 38 (9.4) 43 (11)
Severe 33 (8.2) 24 (6.2)
Not recorded 2 17
History of myocardial infarction 203 (50) 205 (50) .9
Coronary artery disease (50%)
Left main 93 (23) 91 (22) .9
LAD 366 (90) 373 (92) .4
LCX 289 (71) 279 (69) .5
RCA 315 (78) 315 (78) 1.0
No. of diseased systems‡ .5
0 1 (0.2)§ 0 (0)
1 34 (8.4) 42 (10)
2 119 (29) 124 (31)
3 252 (62) 240 (59)
LAD, Left anterior descending coronary artery system; LCX, left circumflex
coronary artery system; RCA, right coronary artery system.
*Wilcoxon rank sum test.
†Presented as number (% of column total).
‡Defined as 50% lesion in the coronary system; left main disease is defined
by itself and is not coded as 2-system disease.
§In one patient there was 40% left main disease and 30% LAD disease.
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patients (Table 2). Fewer bypass grafts were performed to
the circumflex and right coronary artery systems in the
off-pump group. Incomplete revascularization was higher in
off-pump patients. In 68% of patients, the reason for incom-
plete revascularization was stated by the surgeon, but in the
remaining patients, no reason was given (Table 3). Arterial
grafts were used in a higher proportion of the distal anas-
tomoses in off-pump patients. Left internal thoracic artery
grafting was similar; however, the off-pump group had less
right internal thoracic artery and saphenous vein bypass
grafting and more radial artery bypass grafting.
Comparison of Postoperative Events
Hospital death, stroke, and myocardial infarction were sim-
ilar in the on- and off-pump patients (Table 4). However,
off-pump patients experienced less encephalopathy, renal
failure requiring dialysis, and red blood cell use and fewer
sternal wound infections.
Comparing Costs
Hospital direct technical costs were 13% greater in off-
pump patients (Table 5). Most of this increase was due to
higher operating room costs, which includes nursing labor
and surgical disposables. For both on- and off-pump pa-
tients, the median intensive care unit stay and postoperative
length of stay were 1 and 6 days, respectively.
Unmatched Off-Pump Patients
There were important differences in patient characteristics,
revascularization, and outcomes in the matched and un-
matched off-pump patients (Table 6). Unmatched off-pump
patients had more preoperative renal failure, less extensive
coronary artery disease, fewer bypass grafts, and higher
mortality. Evidence of increasing systematic selection of
patients for off-pump operation is that the proportion of
unmatched patients increased over time (Figure 1). The
patients included, for example, the extremes of age (Figure
2), extremes of creatinine levels, and more comorbidities
(Table 7).
Discussion
Background
Technological advances in CPB and myocardial protection
led to almost complete abandonment of myocardial revas-
cularization performed off pump. These techniques allow
coronary artery bypass surgery to be performed in a quiet,
TABLE 2. Comparison of coronary bypass procedures in
propensity-matched pairs
Procedure
On pump
(n  406)
Off pump
(n  406) P value
No. of distal anastomoses
(mean  SD)
3.5 1.12 2.8 1.04 .001*
Percentage performed
with arterial grafts
53 33 64 30 .001
Coronary systems grafted
LAD 391 (96)† 390 (96) .8
LCX 336 (82) 263 (65) .001
RCA 289 (70) 252 (62) .006
Diagonal 195 (48) 169 (42) .05
Conduits used
LITA 371 (91) 382 (94) .1
RITA 80 (20) 47 (12) .001
Radial artery 144 (36) 190 (47) .001
Saphenous vein 320 (79) 271 (67) .001
Incomplete revascularization 74 (18) 125 (31) .001
LAD, Left anterior descending coronary artery system; LCX, left circumflex
coronary artery system; RCA, right coronary artery system; LITA, left
internal thoracic artery; RITA, right internal thoracic artery.
*Wilcoxon rank sum test.
†Presented as number (% of column total).
TABLE 3. Reasons for incomplete revascularization
Reason
On pump Off pump
No.
% of
406 No.
% of
406
Coronary artery thought unsuitable
for grafting
41 10.1 48 11.8
Infarcted/scarred myocardium 4 1.0 16 3.9
Coronary artery unsuitable and myocardium
infarcted/scarred
1 0.2 7 1.7
Circumflex artery not grafted in left main
disease
4 1.0 7 1.7
Hemodynamic instability 0 0 4 1.0
Diagonal grafted instead of LAD 2 0.5 0 0
Not given 22 5.4 43 10.6
Total 74 18 125 31
P  .03 (2 test) for difference between on- and off-pump distribution of
reasons.
LAD, Left anterior descending coronary artery.
TABLE 4. Comparison of postoperative events in propensi-
ty-matched pairs
Event
On pump
(n  406)
Off pump
(n  406) P value
Hospital mortality 4 (1.0)* 2 (0.5) .7
Stroke 5 (1.2) 3 (0.7) .7
Encephalopathy 7 (1.7) 0 (0.0) .02
Myocardial infarction 5 (1.2) 3 (0.7) .7
Reoperation for bleeding 10 (2.5) 7 (1.7) .5
Deep sternal wound infection 8 (2.0) 1 (0.2) .04
Dialysis 6 (1.5) 0 (0.0) .03
ARDS 1 (0.2) 0 (0.0) 1.0
Gastrointestinal bleeding 2 (0.5) 2 (0.5) 1.0
Pancreatitis 0 (0.0) 1 (0.2) 1.0
Red cell transfusion 214 (53) 169 (42) .002
ARDS, Acute respiratory distress syndrome.
*Presented as number (% of column total).
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bloodless field. This resulted in not only widespread adop-
tion and application of coronary artery bypass surgery but
also highly reproducible and excellent short- and long-term
outcomes.
However, in recent years, the deleterious effects of CPB
and aortic manipulation have become well known. There-
fore, surgeons have attempted to reduce even further the
morbidity of cardiac operations by turning once again to
off-pump coronary artery bypass. The renewed interest in
off-pump myocardial revascularization has generated tech-
nological advances that have improved methods of coronary
artery stabilization and exposure, allowing access to all
coronary arteries and complete revascularization.
Challenges of Comparison
Off-pump coronary artery bypass surgery is now possible,
but is it better? Multiple clinical studies have examined this
question without arriving at a consensus. The problems are
twofold. First, both on- and off-pump strategies yield good
outcomes in experienced centers. Second, patient selection
has had a large confounding effect on comparisons. The best
way to eliminate bias is to perform a randomized trial.
However, in this setting, with very low occurrence of post-
operative events with on-pump coronary artery bypass sur-
gery, a randomized study would require thousands of pa-
tients.
The standards of randomized trials can be achieved par-
tially with clinical studies such as this one, by matching
patients to obtain comparable groups. In this study we used
propensity-score matching.7,8,11
Principal Findings
Death, stroke, and myocardial infarction. Hospital
mortality, stroke, and myocardial infarction were similar in
the propensity-matched pairs. The risk of each of these
events with both revascularization strategies was low, about
1% (Appendix Table 3). Other clinical studies have likewise
demonstrated no clear superiority in terms of mortality,
stroke, or myocardial infarction when comparing on- and
off-pump surgical strategies.12-16
In unmatched off-pump patients, mortality was higher.
This group of patients was selected for off-pump surgery
because they were believed to be too high risk for CPB.
Compared with on-pump patients, these patients were either
very old or very young, had a large body mass index, had
more preoperative renal failure, had a more recent opera-
tion, and had less extensive coronary artery disease. We
believe risk factors accounted for higher mortality in these
patients.
Encephalopathy, red cell transfusion, sternal wound
infection, and dialysis. There was more postoperative mor-
bidity in the on-pump patients. Encephalopathy, red blood
cell transfusions, sternal wound infections, and renal failure
requiring dialysis were all more common. We believe these
morbidities in the on-pump patients can be attributed di-
rectly to CPB.
Neurocognitive impairment after CPB, reflected in this
study by encephalopathy, is believed to be due to microem-
TABLE 6. Statistically significant differences between un-
matched and propensity-matched off-pump patients
Variables and events
Unmatched
(n  75)
Matched
(n  406) P value
Patient characteristics
Renal disease 14 (19)* 4 (1.0) .001
Left ventricular dysfunction .04
Normal/none 46 (71) 245 (63)
Mild 5 (7.7) 77 (20)
Moderate 6 (9.2) 43 (11)
Severe 8 (12) 24 (6.2)
Not recorded 10 17
Coronary artery disease (50%)
LCX 36 (48) 279 (69) .001
RCA 27 (36) 315 (78) .001
No. of diseased systems .001
1 21 (28) 42 (10)
2 38 (51) 124 (31)
3 16 (21) 240 (59)
Surgical outcomes
No. of distal anastomoses
(mean  SD)
2.4 0.94 2.8 1.04 .001
RCA grafted 29 (39) 252 (62) .001
LCX grafted 39 (52) 263 (65) .04
Postoperative events
Hospital death 5 (6.7) 2 (0.5) .001
LAD, Left anterior descending coronary artery system; LCX, left circumflex
coronary artery system; RCA, right coronary artery system.
*Presented as number (% of column total).
TABLE 5. Relative direct technical costs from day of oper-
ation to hospital discharge in propensity-matched pairs
Cost component
% of
total median
on-pump
cost
% difference
between on- and
off-pump
median costs* P value†
Operating room 26 44 .001
Anesthesia 15 5.9 .02
Perfusion 14 26 .001
ICU 11 1.9 .02
Postoperative floor 16 8.8 .001
Radiology 0.9 8.3 .003
Pharmacy 5.8 9.1 .04
Clinical laboratory 4.4 31 .001
Medical tests 2.6 0.6 .4
Total 100‡ 13 .001
ICU, Intensive care unit.
*[(Median off pump  Median on pump)/Mean on pump].
†Wilcoxon rank sum test.
‡Sum of listed components does not add up to 100% because the compo-
nents are median relative values (%).
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boli, nonphysiologic perfusion, and the inflammatory re-
sponse.17 These result in neuronal injury, increased perme-
ability of the blood-brain barrier, and cerebral edema.18
Studies have demonstrated increased levels of the biochem-
ical marker for neuronal injury, S100, after on-pump sur-
gery, with no significant increase after off-pump sur-
gery.19,20 However, the long-term importance of the
neurocognitive changes and S100 elevations after CPB is
unknown. Some studies suggest that these neurocognitive
deficits might be transient and resolve several months after
the operation,17,21-23 whereas a recent study by Newman and
colleagues24 suggests that patients exhibiting neurocogni-
tive dysfunction after CPB are at risk for long-term neuro-
cognitive dysfunction.
Our study might have underestimated the neurocognitive
benefit of off-pump surgery. We measured encephalopathy,
a clinically apparent event. Because much of the neurocog-
nitive impairment after CPB is subtle, extensive preopera-
Figure 2. Within the off-pump group, percentage of patients unmatched to an on-pump counterpart according to
age.
Figure 1. Within the off-pump group, percentage of patients unmatched to an on-pump counterpart according to
year of off-pump operation.
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tive and postoperative neurocognitive testing is required to
detect a postoperative decrement. A limitation of our study
is that these tests were not performed.
Findings of increased red blood cell transfusions in on-
pump versus off-pump patients, similar to our own results,
were recently reported by Ascione and coworkers.25 They
demonstrated increased red blood cell loss and higher red
blood cell, platelet, and fresh frozen plasma transfusions in
on-pump patients. CPB can lead to increased red blood cell
transfusion requirement in multiple ways. Surface activa-
tion of platelets and coagulation proteins during CPB results
in platelet dysfunction and coagulopathy, leading to post-
operative bleeding.26,27 The crystalloid solutions needed to
prime the pump result in hemodilution, and the turbulence,
cavitation, and osmotic stresses during CPB result in red
blood cell membrane injury and hemolysis.
Renal injury during CPB might be due to altered renal
perfusion during periods of hypotension or low flow, vasocon-
strictors, or microemboli. Hemoglobinuria, as a result of he-
molysis during CPB, might also lead to renal dysfunction.
CPB has multiple effects depressing the immunologic
system. Complement activation resulting in complement
factor depletion, lymphopenia, and natural killer cell im-
pairment and pulmonary sequestrations of polymorphonu-
clear leukocytes and neutropenia have been shown to occur
after CPB.28,29 These might result in increased susceptibility
to infections and explain our finding of increased sternal
wound infections in on-pump patients.
Incomplete revascularization. A worrisome finding in
our study was more incomplete revascularization in the
off-pump patients. When the reasons for incomplete revas-
cularization were given, they were similar in patients un-
dergoing on- and off-pump bypass. The difference in in-
complete revascularization occurred primarily in patients in
whom the reason could not be determined, and only rarely
for hemodynamic instability unique to off-pump revascu-
larization. Although incomplete revascularization did not
increase early risk, it might affect the long-term results of
off-pump revascularization.30-32 Arom and colleagues16
found that at 1 year after the operation, off-pump patients
had a higher risk of recurrent angina and reinterventional
procedures compared with on-pump patients. Similar to our
findings, the off-pump patients in their study received fewer
bypass grafts than did the on-pump patients.
Cost. Total direct technical costs were increased in the
off-pump patients. Much of this increase occurred in the
operating room as a result of longer procedures and
disposable stabilizers. Perfusion costs, as expected, were
less in the off-pump patients, but this did not compensate
for the increase in other operating room costs. There were
only minor differences in intensive care unit and floor
costs.
Does Off-Pump Surgery Reduce Mortality and
Morbidity?
The results of both on- and off-pump myocardial revascu-
larization are excellent, with low risk of death, stroke, and
myocardial infarction. The procedures, however, are not
equivalent and appear to have different risks. On-pump
surgery is associated with higher morbidity, which can be
attributed directly to CPB. Thus, an advantage of off-pump
revascularization is lower postoperative morbidity. How-
ever, there is more incomplete revascularization in off-
pump surgery, and this might be a future disadvantage.
We thank Daniel Karchmere for his assistance with the direct
technical costs comparison and Tess Knerik for manuscript prep-
aration.
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APPENDIX TABLE 1. Patient variables considered in
analyses
Demography
Age, sex, height, weight, body surface area, body mass index,
weight/height ratio
Symptoms
Functional class (highest angina or functional limitation, I-IV)
Left ventricular function
Left ventricular dysfunction grade (none, mildly, moderately,
or severely impaired), history of prior myocardial infarction,
chronic heart failure
Cardiac comorbidity
Atrial fibrillation, ventricular tachycardia, use of intra-aortic
balloon counterpulsation preoperatively
Noncardiac comorbidity
Smoking history, carotid artery disease, history of stroke,
peripheral vascular disease, hypertension, diabetes (insulin
treated, oral hypoglycemic), renal disease by history,
chronic obstructive pulmonary disease
Coronary disease
Degree of stenosis in left main trunk, left anterior descending
coronary artery system, right coronary artery stem,
circumflex artery system, number of diseased systems
Preoperative laboratory data
Hematocrit, creatinine
Interactive terms
Age and diabetes
APPENDIX TABLE 2. Factors associated with propensity to
use on- and off-pump techniques
Off-pump variable P value On-pump variable P value
Old age .0006 Higher NYHA class .0003
Young age .0004 Preoperative IABP .03
Creatinine 2 .0001 Diabetes .03
High creatinine .04 High hematocrit .0003
Low creatinine .001 More extensive CAD .0002
Carotid disease .001 RCA stenosis .0001
Hypertension .04 LCX stenosis .0001
NYHA, New York Heart Association; IABP, intra-aortic balloon pump; CAD,
coronary artery disease; RCA, right coronary artery system; LCX, left
circumflex artery system.
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Discussion
Dr Lawrence Cohn (Brookline, Mass). Dr Sabik, that was a
beautifully organized article, and you presented it very well. I can
say that, because Dr Sabik worked in my laboratory as a Harvard
medical student, and he did an excellent job there.
I think this is the best attempt so far to compare off-pump with on-
pump coronary artery bypass grafting, and you have done a very nice
job, short, of course, of randomization, which is yet to be done.
I did want to point out one thing. Your abstract is a declarative
sentence, but the manuscript that you sent me and your introduc-
tory slide presented a question, and the data are slightly different.
Could you clarify this when you discuss these questions?
I read all 55 pages of your manuscript, including the 15-page
appendix. Obviously Dr Blackstone’s touch is here, and like every
surgeon that presents a new technique, every couple of years Dr
Blackstone presents to us a new concept in statistical treatment,
which obviously adds greatly to our knowledge. Propensity match-
ing is excellent because it more carefully allows us to match
patients.
Overall, in this 5-way analysis, off-pump grafting shows un-
derrevascularization. In the old days, the 1980s and 1990s, we
thought that complete revascularization was a bedrock of coronary
bypass. Do you have a sense of how this is going to play out, or are
these patients generally at such high risk that that is not really
going to become a factor in the long term because these patients
might not survive for other reasons?
With your analysis, you did show that the early events—
encephalopathy, renal failure, wound infection, red cell transfu-
sions—are better in the off-pump group. Encephalopathy is a very
controversial area. Some of us took exception to a recent article in
The New England Journal of Medicine because it was not matched
according to age. Do you have a concept that the encephalopathy
you saw in both groups was correlated with age? At Brigham, we
noticed a remarkable decrease in encephalopathy and stroke, espe-
cially in patients older than 70 years of age, when we reverted to the
single-clamp technique for coronary bypass about 10 years ago.
You noted that the cost is 13% greater with off-pump bypass
grafting. Unlike other studies that purport to say that, you can do
an off-pump graft and the patient goes home the next day, and you
had exactly the same intensive care unit and hospital stay. You
mentioned the costs being higher with off-pump grafting. Can you
explain why that might be?
Finally, and you did not have a chance to go into it because it
is such a complete statistical treatment of these data, in the highest
risk quintiles of the propensity matching, the fourth and fifth
quintiles, the operative mortality in the off-pump group is higher
than in those patients who were treated with coronary artery
bypass grafting on bypass. This raises an interesting paradox. On
our service, we often use off-pump grafting in the highest risk
patients, trying to decrease these encephalopathic findings, renal
failure, et cetera, but are we trading a slightly lower incidence of
encephalopathy for higher operative risk?
Finally, on the basis of these data, should we expand our
indications for off-pump grafting, or should we continue to restrict
our indications to the highest risk patients?
Dr Sabik. Thank you, Dr Cohn, for your kind and thoughtful
remarks. The reason that the abstract we submitted is a little
different from this presentation and the paper is that we slightly
changed the patient population and statistical methods of the study.
We believe these changes improved this study by improving our
ability to match the off-pump and on-pump patients. The first
change we made was to remove patients undergoing reoperations.
We believe it is important to match the on- and off-pump patients
in terms of the extent of coronary artery disease. Patients who are
having coronary reoperations have both patent vein grafts and
diseased native vessels, and this makes it difficult to classify them
as to whether they have single-, double-, or triple-vessel disease.
Therefore, to match the patients in regard to the extent of coronary
artery disease, those who underwent reoperations were removed.
Our second change was to rematch the patients using a new
statistical method involving propensity scores. This technique,
called greedy matching, was not known to us at the time we
submitted this abstract. With this technique, propensity scores are
used to do one to one matching. We were able to improve on the
matching of the on-pump and off-pump patients and obtain 2
groups of patients with very similar preoperative characteristics.
Despite having changed the methods of the study slightly, I do not
believe that our conclusions have changed significantly. Mortality
and the major morbidities of stroke and myocardial infarction
remained similar in the on-pump and off-pump patients. Our
belief, from the conclusions of the first abstract, was that the
benefits of off-pump surgery were related to the elimination of the
transient effects associated with CPB. By improving the matching,
I believe we were better able to demonstrate this. The complica-
tions that can be related directly to CPB, such as coagulopathy,
immunosuppression, and brain edema, led to more morbidity in the
on-pump patients, such as more red blood cell transfusions, more
sternal wound infections, and more encephalopathy. Therefore, we
believe that by improving the matching, we were able to strengthen
the conclusions of our original abstract. Because we were able to
identify more morbidity in the on-pump patients, we changed the title
from a declarative statement to a question.
I do not know how the increased occurrence of incomplete
revascularization in the off-pump patients will play out over time.
In this study incomplete revascularization did not increase the early
risk in the off-pump patients, but it might increase the late risk. If the
risk of CPB is greater than the risk associated with incomplete
APPENDIX TABLE 3. Comparison of postoperative events in
entire group
Event
On pump
(n  3231)
Off pump
(n  481)
P
value
Hospital mortality 31 (1.0)* 7 (1.5) .3
Stroke 44 (1.4) 4 (0.8) .3
Encephalopathy 44 (1.4) 1 (0.2) .3
Myocardial infarction 29 (0.9) 4 (0.8) 1.0
Reoperation for bleeding 73 (2.3) 9 (1.9) .6
Deep sternal wound infection 63 (1.9) 2 (0.4) .02
Dialysis 35 (1.1) 1 (0.2) .08
ARDS 17 (0.5) 0 (0.0) .2
Gastrointestinal bleeding 20 (0.6) 4 (0.8) .5
Pancreatitis 6 (0.2) 1 (0.2) 1.0
Red cell transfusion 1481 (46) 210 (42) .1
ARDS, Acute respiratory distress syndrome.
*Presented as number (% of column total).
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revascularization in high-risk patients, then off-pump surgery
with incomplete revascularization might be beneficial in these
patients. We will have to follow up these patients and determine
the effect, if any, of incomplete revascularization over time.
In the propensity-matched groups there were too few patients
with the postoperative complication of encephalopathy to deter-
mine its preoperative risk factors. However, in the entire group of
on-pump patients, there were enough individuals with postopera-
tive encephalopathy to determine some preoperative risk factors.
These include high preoperative creatinine, preoperative atrial
fibrillation, and high New York Heart Association class; age was
not among them.
We were surprised by the increased cost in the off-pump
patients. Most of this increase occurred in the operating room. In
the off-pump patients most of the costs associated with perfusion
are eliminated. However, in our experience this did not compen-
sate for the increased costs in the off-pump patients because of the
disposable equipment necessary for off-pump bypass and because
off-pump operations took longer.
When we compared the off-pump and on-pump patients by
propensity-matched quintiles, mortality was higher in the off-
pump patients in the fifth quintile. In the fifth quintile the off-pump
patients were very dissimilar from the on-pump patients, and in
this quintile are located the high-risk patients who underwent
off-pump surgery because the risk of on-pump surgery was be-
lieved to be too high. We believe these high-risk off-pump patients
account for the increased mortality in the off-pump patients in the
fifth quintile.
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